Abstract. Pesticides are designed to kill a very wide range of undesirable organisms, but they simultaneously adversely affect non-target organisms in ecosystems. Dimethoate is an organophosphorous insecticide used widely in agriculture that has an anticholinesterase mode of action. The goal of the study was to assess the effects of dimethoate on catalase, reduced glutathione, and lipid peroxidation in the gills and livers of zebrafish, Danio rerio (Hamilton), exposed to different concentrations of the pesticide for different periods of time. Insecticidal stress caused a reduction in catalase activity and reduced glutathione levels in zebrafish gills and livers. There was also increased lipid peroxidation in both organs. Alterations in all parameters were concentration and time dependent. The probable causes are discussed.
Introduction
Contaminating water bodies with widely-used pesticides is a potential problem for aquaculture. The benefits of pesticides include being able to control vector-borne diseases, and increased agricultural productivity by controlling pests; however, pesticides finally find their way into natural water bodies and affect aquatic environments. Aquatic organisms, including fish, accumulate pollutants directly from contaminated water and indirectly via the food chain. Pesticides can damage vital organs (Ansari and Ansari 2012) , reduce reproductive ability (Ansari and Ansari 2011) , and cause various biochemical alterations (Sharma et al. 2012 ) in fish. Dimethoate, an organophosphorus pesticide that was first described by Hoegberg and Cassady (1951) , is used against a broad range of insects in agriculture and also to control the common housefly. Its mode of action is acetylcholinesterase (AChE) inhibition resulting in nerve exhaustion, nervous system failure, and, ultimately, in death. It is moderately toxic to birds and mammals (Riebeiro et al. 2003) .
Pesticide metabolism generates reactive oxygen species (ROS) (Gram 1997) , which are highly reactive oxidizing agents belonging to the free radical class. A free radical is any compound, not necessarily derived from oxygen, that contains one or more unpaired electrons. Oxidative stress is a condition associated with an increased rate of cellular damage induced by oxygen and oxygen-derived oxidants commonly known as ROS (Sikka et al. 1995) . Severe oxidative stress can cause cellular lesions and, finally, cell death. Numerous studies indicate that dimethoate intoxication can cause oxidative stress by generating free radicals and inducing hepatic lipid peroxidation in mice (Gultekin et al. 2000) . By estimating the enzyme activities in an organism, we can easily identify disturbances in its metabolism. About 5% or more of inhaled oxygen is converted to ROS by the univalent reduction of O 2 (Maxwell 1995) . Antioxidants can act by scavenging ROS, inhibiting their formation, blocking the activation of phagocytes, binding the transition of metal ions, and preventing the formation of OH, or decomposing lipid hydroperoxides (Niwa et al. 2001) . Detoxification batteries have evolved in aerobic organisms (Shila et al. 2005 ) to protect cells against some of the oxidative damage caused by ROS.
Catalase (CAT) is a common enzyme found in nearly all organisms that are exposed to oxygen, and its function is to catalyze the decomposition of H 2 O 2 to O 2 and H 2 O. CAT can also oxidize different toxins such as formaldehyde, formic acid, phenol, alcohols, etc. Lipid peroxidation (LPO) is a well-established mechanism for estimating cellular injury in both plants and animals, and it is used as an indicator of oxidative stress in cells and tissues. Reduced glutathione (GSH) is an antioxidant that helps to protect cells from ROS such as free radicals and peroxides. It is found exclusively in its reduced form.
Zebrafish, Danio rerio, was selected for the present study because they are model organisms for toxicological research, and are also recommended by the International Organization for Standardization and the Organization for Economic Co-operation and Development (OECD 1992) . The present study focused on the toxic effect of dimethoate on the activity of CAT, GSH, and LPO in the gills and livers of Danio rerio. The study focused on the gills because these are the first organs that come into contact with xenobiotics in waters. The liver is associated with detoxification and biotransformation processes, and because of its function, position, and blood supply, it is also one of the organs that is most affected by contaminants in waters (Rekha et al. 2008 ).
Materials and methods
Zebrafish were collected, acclimatized for 15 days, stocked, and reared under laboratory conditions. The aquariums were aerated continuously through stone diffusers connected to a mechanical air compressor. The water temperature was 25°C (± 2), and pH was maintained between 6.6 and 8.5. The fish were fed twice daily alternately with raw, chopped goat liver and brine shrimp pellets prepared in our laboratory. The diet was supplemented with Drosophila flies once daily.
For the present study, mature adult zebrafish approximately 3.5 cm in length and 1.4 g in weight were procured from stock aquariums and exposed to four different concentrations of 20% (12.00 μg L -1 ), 40% (24.00 μg L -1 ), 60% (36.00 μg L -1 ), and 80%
(48.00 μg L -1 ) of the 96-h LC 50 value of dimethoate calculated from our previous toxicity test (Ansari and Ansari 2011) . Low concentrations were selected since fish can survive the stress of the toxicant. Fifty fish were exposed to each pesticide concentration. The water in these aquariums was replaced daily with fresh pesticide treatments. The experiment was accompanied by a control. After exposure periods of 7, 14, and 21 days, the required number of exposed fish was removed from the experimental and control groups. Their gills and livers were excised and processed. LPO levels were estimated with thiobarbituric acid reacting substances (TBARS) and color reaction for malondialdehyde (MDA) according to procedures in Placer et al. (1966) . Tissues were homogenized in chilled 0.15 M KCl using a Teflon pestle to obtain 10% w/v homogenate. One ml of homogenate was incubated at 37°C (± 0.5) for two hours. To each sample, 1 ml of 10% w/v trichloro acetic acid (TCA) (s.d. Fine-Chem Ltd., Mumbai) was added. After thorough mixing, the reaction mixture was centrifuged at 2000 rpm for 10 minutes. One ml of supernatant was then taken with an equal volume of 0.67% w/v TBA (HiMedia Lab., Pvt. Ltd., Mumbai) and kept in a boiling water bath for 10 minutes, cooled, and diluted with 1 ml of distilled water. The absorbance of the color pink obtained was measured at 535 nm against a blank. The concentration of MDA was read from a standard calibration curve plotted using 1,1,3,3' tetra-methoxypropane (Sigma-Aldrich Co., St. Louis, USA) and the results were expressed as μmol of MDA formed 30 min -1 mg protein -1 . The activity of CAT (EC 1.11.1.6) was estimated according to procedures by Sinha (1972 . The GSH level was estimated using the method by Paglia et al. (1975) , with which it is determined by its reaction with 5,5'-dithio-bis-2-nitrobenzoic acid (DTNB) to yield a yellow chromophore that was measured spectrophotometrically at 412 nm, The results were expressed as GSH mg per mg protein -1 . The protein contents of tissues were assayed using the Lowry et al. (1951) method with bovine serum albumin as the standard. Two way analysis of variance (ANOVA) was applied to test the significance of the data. All the data are expressed as means (n=6) ± standard deviation (SD) and differences were considered significant at P < 0.05.
Results
Abnormal behaviors such as restlessness and sudden, quick, jerky movements were observed in the group of fish that were treated at low concentrations of pesticides, whereas the fish exposed to high concentrations exhibited increased opercular movements accompanied by surface to bottom movements and a loss of equilibrium. Tables 1 and 2 present the changes in CAT activity in the gills and livers of D. rerio in response to concentrations of 12.00, 24.00, 36.00, and 48.00 μg L -1 (20, 40, 60 , and 80% of 96-h LC 50 ) of dimethoate for 7, 14, and 21 days of exposure. CAT activity was significantly decreased in both tissue types after the exposure periods. After 7 days of exposure to 20% 96-h LC 50 of dimethoate, CAT activity declined to 95% (160.95 ± 0.64) and 93% (168.70 ± 0.17) of controls (100%) in gills and livers, respectively. However, after 21 days of exposure to 80% 96-h LC 50 of this pesticide, the activity was found to be 60% (103.59 ± 0.34) and 53% (95.70 ± 0.17) in the gills and livers, which was a reduction of 40% and 47%, respectively. The GSH level was found to be 97% (2.27 ± 0.14) and 96% (3.46 ± 0.28) of controls (100%) in the gills and livers, respectively, after exposure to 20% 96-h LC 50 for 7 days. At 60% 96-h LC 50 for 21 days, the GSH level remained only 65% (1.43 ± 0.19) in the gills and 57% (1.79 ± 0.73) in the livers. Maximum inhibition was observed after 21 days. The 80% 96-h LC 50 (48.00 μg L -1 ) dose of dimethoate caused levels of GSH to decrease by 59% (1.32 ± 0.14) in the gills and 51% (1.59 ± 0.22) in the livers in comparison to the control (100%) values after 21 days of exposure (Tables 3 and 4) . The MDA concentration in the gills and livers of fish exposed to dimethoate showed no change at the lowest concentration after 7 days, but after 14 days at 40% 96-h LC 50 , change was observed, and MDA content increased to 119% (8.83 ± 0.11) and 123% (16.16 ± 0.59) in the gills and livers, respectively, in comparison to the control. At 60% 96-h LC 50 for 21 days of exposure, MDA levels further increased to 145% (11.42 ± 0.19) in the gills and 148% (19.69 ± 0.17) in the livers. The MDA content increased to 154% (12.12 ± 0.65) in the gills and 159% (21.19 ± 0.11) in the livers after exposure to 80% 96-h LC 50 (48.00 μg L -1 ) of dimethoate after 21 days (Tables 5  and 6 ). The result indicate that the changes in enzyme activity during the present study were dependent on time and concentration. 
Discussion
Lipid peroxidation in vivo has been identified as one of the basic deteriorative reactions in cellular mechanisms of pesticide-induced oxidative stress in freshwater fishes. The dose-dependent enhancement in the level of lipid peroxidation observed in this study concurs with the results of many other researchers (Pandey et al. 2001 , Agrahari et al. 2006 , Modesto and Martinez 2010 . The elevated levels of LPO in the gills and livers of D. rerio in response to 21 days of exposure to dimethoate that were observed during the present study suggest that production of ROS is increased, which could be associated with the metabolism of the dimethoate pesticide leading to the peroxidation of membrane lipids in both types of tissues. The liver is noted as a site of multiple oxidative reactions and maximum free radical generation (Atli et al. 2006) . Researchers have reported previously LPO induction by pesticides such as alachlor (Peebua et al. 2007) , malathion (Chandra 2008) , and butachlor (Farombi et al. 2008) in fishes, and deltamethrin in fresh water mussels (Köprücü et al. 2008) . LPO has also been used to measure xenobiotic-induced oxidative stresses, which were originally defined as the disequilibrium between pro-oxidants and antioxidants in biological systems.
Once this imbalance appears, cellular macromolecules can be damaged by predominant free radicals. The impairment of enzymatic antioxidant system can facilitate the accumulation of free radicals that might be responsible for increased lipid peroxidation with pesticide exposure. Thus, they are used as markers of oxidative stress. Increases in MDA levels indicate the enhancement of hepatic LPO. Pant and Gill (1987) also report an increase in lipid peroxidation in the livers and muscles of Pethia (=Barbus) chonchonius (Hamilton) that were exposed to aldicarb, which concurs with the present results.
CAT is the primary enzyme responsible for eliminating the ROS formed during bioactivation of xenobiotics in hepatic tissues (Sk and Bhattacharya 2006) , and the induction of CAT system provides the first line of defense against ROS. CAT activity, however, gradually decreased after 7, 14, and 21 days of exposure to dimethoate, and the values obtained were significantly (P < 0.05) lower than those of the control. Decreased CAT activity could stem from decreases in reaction rates resulting from the excess production of H 2 O 2 . This could have been because of the flux of superoxide radicals, which has been shown to inhibit CAT activity (Ahmad et al. 2000) . That sub-lethal 106 Shabnam Ansari, Badre Alam Ansari concentrations of dimethoate induce oxidative stress in D. rerio could be an adaptive response to protect fish from dimethoate-induced free radical toxicity. The dose-dependent decrease in the activity of catalase observed during the present study has also been observed by other investigators (Kono and Fridovich 1982 , Sayeed et al. 2003 , Crestani et al. 2007 , Kubrak et al. 2010 , Singh et al. 2012 . Similarly, Jee and Kang (2005) also observed a decrease in catalase activity in the gills, livers, and kidneys of Paralicthys olivaceus (Temminck & Schlegel) after phenanthrene exposure. Recently, Tripathi and Singh (2013) observed a decrease in CAT activity in the brains, gills, livers, and skeletal muscles of Channa punctatus (Bloch). The increase or decrease of enzyme activity is related to the intensity of cellular damage.
The term "antioxidant" is used to define cells' own protective mechanisms. The reduced glutathione (GSH) antioxidant system is the principal protective mechanism of cells, and is a crucial factor in the development of the immune response by immune cells. Glutathione (L-gamma-glutamyl-L-cysteinylgyl-cine) can spontaneously, or with the help of peroxidase, easily deliver the H + necessary for the reduction of radicals. In both cases, the active element is the SH (thiol) group of cysteine which, when performing its antioxidant activity, is oxidized to cystine or cysteine disulfide. The ratio of cysteine/cystine defines the redox state, which is the major determinant of optimal cell function. Cysteine is the limiting factor of GSH synthesis in cells, and reduced glutathione has sulfide functional groups that can capture unpaired electrons, and, thus, is capable of removing harmful free radicals (Pickering and Wiesner 2005) . During the present study, it was noted that 21 days of continuous exposure resulted in significant decreases in GSH levels in zebrafish gills and livers. The decreased levels of CAT and GSH levels in the tissues (gills and livers) could account for the marked lipid peroxidation observed. The significant decrease in GSH levels was also observed by Achudume et al. (2010) and Jin et al. (2011) . The fish gills are the organs that are most exposed to contaminated waters, and these contaminants can penetrate through their thin epithelial cells (Gül et al. 2004) . Furthermore, the apparent decrease in the glutathione detoxification system in the gills, the first point of contact with environmental xenobiotics, indicates that this system is a sensitive biochemical indicator of environmental pollution in Clarias gariepinus (Burchell) (Kono and Fridovich 1982) . GSH depletion might enhance the risk of oxidative stress (Regoli and Principato 1995) . A considerable decline in GSH content in tissues under the present experimental model could be because of its utilization to challenge the prevailing oxidative stress under the influence of ROS generated from dimethoate-induced oxidative stress. The relevant reduction in GSH levels observed in the present study in tissues (gills and livers) of pesticide-exposed zebrafish, suggest oxidative stress conditions resulting from the over accumulation of ROS.
Conclusions
The results of the present investigation led to the conclusion that dimethoate intoxication disturbs normal cell functioning and resultant alterations in the fundamental biochemical mechanisms in fish. This results in the mortality of fish at sub-lethal exposures to the pesticide. Additionally, the pesticide can be deposited in fish tissues accidentally or through contaminated water which could lead to changes in overall fish health. This opens new avenues for investigations of adaptive mechanisms in animals, particularly in fish, to environmental hazards. Moreover, these findings document the effects of regular dimethoate exposure to zebrafish and the adverse effects of pesticide in aquatic ecosystems, while also providing a foundation for future research on this topic.
